Fully three-dimensional (3D) positron emission tomography (PET) can achieve high sensitivity of coincidence events, but the absence of inter-slice septa inevitably leads to increased scattered events. The scattered events can represent as much as 50% of the total detected events. In this research, we proposed a scatter correction method for 3D PET based on beam stoppers and dual-energy window acquisition. The beam stoppers were placed surrounding the object to attenuate primary beams. The scatter fractions were directly estimated at those blocked lines of response and then the entire scatter fraction distribution was recovered using the dual-energy window ratio as reference. The performance was evaluated by using Monte Carlo simulations of various digital phantoms. For the Utah phantom study, the proposed method accurately estimated the scatter fraction distribution, and improved image contrast and quantification based on four different quality indices as performance measures. For the non-homogeneous Zubal phantom, the simulated results also demonstrated that the proposed method achieved a better restoration of image contrast than the dual-energy window method. We conclude that the proposed scatter correction method could effectively suppress various kinds of scattered events, including multiple scatter and scatter from outside the field of view.
Introduction
Fully 3D PET without inter-slice septa has been widely accepted for molecular imaging and functional study. Although the number of true coincidences increases five times because of the acquisition of more lines of response (LORs), the number of scattered events also increases from about 10% to exceed 50% of the total coincidences (Thompson 1988) . Therefore, it is necessary to correct the scatter contamination, before a reconstructed PET image can be accurately quantified.
A scatter correction method should be able to estimate the scatter fraction distribution including single and multiple Compton scatter from inside and outside the field of view (FOV). The method also needs to consider the distribution of attenuating media and emitter concentration. Several approaches have attempted to calculate the scatter component and then eliminate it by using simple subtraction. Convolution subtraction approaches (Bailey et al 1994 , Mckee et al 1992 , Shao and Karp 1991 estimate the scatter distribution by iteratively convolving the photopeak projections with the constant scatter kernel modelled by a monoexponential or a Gaussian function. The disadvantage is the neglect of scattered events from outside the FOV. In addition, the kernel measured using a simple phantom might not be suitable for real and sophisticated human anatomy.
Model-based approaches represent another class of techniques (Ollinger 1996 , Levin et al 1995 , Watson et al 1997 , Watson 2000 , Wollenweber 2002 , Werlin et al 2002 , Accorsi et al 2004 . The idea is to estimate the scatter distribution based on preliminary emission and transmission data and a physical model of the PET system. Watson et al (1997) proposed a single-scatter simulation (SSS) algorithm, which accurately calculated the single-scatter distribution. Adam et al (1999) directly rescaled the single scatter to compensate for the multiple scatter. The results reflected unavoidable errors in the reconstructed images, since rescaling only adjusts the amplitude to a proper level but fails to depict the actual distribution of multiple scatter. Ollinger (1996) suggested an approximate method to incorporate the effect of multiple scatter as an integral transformation of the single-scatter distribution. However, these approaches still cannot directly handle the scattered events from outside the FOV. Accorsi el al (2004) proposed an optimized SSS algorithm which distributed scattering points over the entire axial extension of available data to account for out of the FOV scatter. Additional designed shieldings (Sossi et al 1995 , Hasegawa et al 2000 have been applied to physically block the scattered events from nearby 15-20 cm regions. However, these external shieldings only reduce partial scatter contributions from outside the FOV. Possible scattered events might occur inside these shieldings and their support material, leading to notable background rates.
Multiple-energy window approaches (Grootoonk et al 1991 , 1996 , Shao et al 1994 address the scatter component by linearly combining the counts of the lower energy window and the photopeak window. Grootoonk et al (1996) proposed a dual-energy window (DEW) method, which postulated that scattered events in the low-and high-energy windows have the same spatial distribution, allowing the use of a constant scatter ratio determined by a cylindrical phantom. But, in reality, the scatter in the low-energy window (dominated by multiple scatter) is spatially less related to the source distribution and the object composition than in the photopeak window (dominated by single scatter). Thus, the DEW method can neither accurately predict the scatter distribution of a large object nor adequately deal with non-uniform attenuating media (e.g., the human thorax).
The beam stopper technique has been previously used to remove scatter in radiography (Niklason et al 1981) . In seeking an alternative method of scatter correction for 3D PET, we used Monte Carlo simulations to examine the feasibility of applying the beam stopper technique Figure 1 . The structure of the beam stopper device with 12 stoppers. Only primary beams emitted from sources lying on the specific LOR will be blocked by the stopper. The scattered events entering the blocked bin are assumed to be unaffected.
with the dual-energy window acquisition. The scatter fractions of the radial bins blocked by lead stoppers were directly estimated to interpolate the complete distribution with the dualenergy window ratios. The goal was to accurately compensate the scatter contamination by considering single and multiple scatter from inside and outside the FOV.
Methods

Theory
The beam stopper device.
A beam stopper device consisting of several cylindrical lead stoppers mounted equally on a low-Z-material frame was designed as a birdcage structure surrounding the object (figure 1). The stopper will block a fraction of coincidences of specific detector pairs. To minimize the possible attenuation of scattered events, the stopper diameter should be made as small as possible. Thus, we can assume that only primary beams emitted from sources lying on certain LORs are attenuated. The obstructed radial bins were then sampled for directly measuring the scatter component in the sinogram.
Derivation of the scatter fraction at the beam stopper.
Suppose that the scan of an object can be divided into two sub-scans with equal duration. Let C B and C R denote the counts at a given LOR with and without the beam stopper device. These two acquisitions are contributed from the same sources of scattered coincidences (S) and primary coincidences (P) only with different transmission fractions (T). Thus, we can write C B and C R as
where t i is the projected position of the ith stopper. Equations (1) and (2) can derive the scatter and primary components as well as the scatter fractions (SF = S/(S + P )) at the blocked sinogram bins when the transmission fractions are known. Note that the scatter fraction was calculated when C B T × C R .
Air scan.
In the air scan, an external transmission source was used to determine physical parameters of the beam stopper device in the absence of the object. The relative geometry between the beam stoppers and gantry must be exactly the same as in the object scan. C B0 and C R0 are considered to represent the counts of sinogram bins with and without the beam stoppers. Then, the transmission fraction of primary beams for each LOR can be estimated by
T was not constant in the vicinity of t i due to the finite size of beam stoppers. Consequently, the projected position of each stopper was determined by searching the local minima of transmission fractions. Other parameters of the beam stopper device (e.g., stopper material, shape and size) will be reflected in the transmission fraction as well. In principle, we only need to perform the air scan once for a specific configuration of the beam stopper device and then preserve the transmission fractions for later use.
Dual-energy window information.
The dual-energy window (DEW) acquisition was used to provide information about the local variation of other unblocked radial bins. The photopeak window was set at 380-850 keV to derive the scatter fractions described above. Another window at 200-380 keV was simultaneously acquired as the Compton window (Grootoonk et al 1996) . Let W H (t, θ ) and W L (t, θ ) represent the counts of high-and lowenergy windows for each LOR without the beam stopper device. They are given by
where the relationships between energy windows are assumed to be R s , the ratio of scattered events, and R p , the ratio of primary events. The dual-energy window ratio (DWR) is then the ratio of low and high windows:
The DWR can be treated as a reference to the scatter fraction of unblocked bins because there is a linear relationship between them. Some potential information related to the emitter and attenuator distributions can also be observed from the scatter fraction via the DWR.
Interpolation of the scatter fraction.
When the sampling distance between two stoppers is close enough, the ratio of SF to DWR within this interval can be assumed to be a linear function of distance. Then, this ratio can be interpolated according to its position (t) and two known ratios estimated at the neighbouring blocked bins (t i , t i+1 ). Consequently, the scatter fraction is the product of the DWR and the interpolated ratio of SF to DWR, given by
Employing equation (7) can preserve the trend of the DWR and maintain the consistency between both sides of the beam stopper to ensure the continuity of spatial correlation of the scatter fraction distribution (figure 2). Note that a boundary condition for the scatter fraction was set to unity to avoid oversubtraction outside the phantom.
Primary sinogram extraction.
Both C R (object scan without stoppers) and C B (object scan with stoppers) data sets were used to calculate the primary sinogram, which is free from scatter contamination. P components in equations (1) and (2) were solved and rearranged to give the following expressions:
Scatter fraction
These two estimates were then summed up for later image reconstruction. The method described above is referred to as the BS-SF (beam stopper-scatter fraction) method later in this paper.
Validation
Monte Carlo simulation.
The BS-SF method was validated by simulating a 3D PET system and digital phantoms using the simulation system for emission tomography (SimSET) software package maintained by the University of Washington (Harrison et al 1993) . With this tool, the detected events can be simultaneously cumulated into different energy windows and rebinned by different types of interaction, giving us a chance to further examine the accuracy of correction strategy. The 3D PET system was modelled by SimSET with a ring diameter of 80 cm and a transaxial FOV of 58 cm. Perfect crystals were used, in which the impinging photons deposit all their energies. The Gaussian energy blurring was applied with an energy resolution of about 20% at 511 keV. The spatial sampling was 0.33 × 0.33 cm 2 . No end shielding was applied in this simulated system. The coincidence window and detector dead time were not modelled, since SimSET cannot model the electronics (Buvat et al 2005) .
Uniform phantom study.
A cylindrical phantom (radius r = 17 cm and height h = 20 cm) was water-filled with constant activity concentration to evaluate the correction uniformity. The beam stopper device consisting of 12 equally spaced lead rods (radii r = 3 mm) was arranged on the surface of the phantom with a radius of 18.5 cm. After scatter correction and image reconstruction, we compared the mean and standard deviation of 1 cm radius regions of interest (ROIs) through the centre of the resultant images.
Utah phantom study.
The Utah multi-compartment phantom (radius r = 16 cm) was simulated to verify the BS-SF method with various emitter concentrations, as shown in device with stopper radii from 0.3 to 1.2 cm and with stopper numbers from 4 to 16 were employed to investigate how the configuration affects the correction efficiency on a body-sized object. In all configurations, the stoppers were placed equally surrounding the Utah phantom with a diameter of 37 cm.
Anthropomorphic phantom study.
The thorax of the Zubal phantom (Zubal et al 1994) was constructed with different compositions and activity concentrations for performance evaluation as well. Four types of tissues including lung, blood pool, soft tissue and bone were filled with relative activity concentrations of 1:10:5:0. The head and abdomen of the Zubal phantom were also simulated, but only within 10 cm near the central plane were distributed with radioactivity. The phantom was rescaled to long and short axes of approximately 32 and 18 cm to fit into the beam stopper device. Similar to the previous Utah phantom study, various configurations of the beam stopper device were investigated.
Data simulation, correction and reconstruction.
For the uniform and Utah phantoms, the projection data were acquired from the centred 2 cm thick slice. The radioactivity distributed in the remaining volume of the phantoms can be considered as scattering sources to the direct plane. For the Zubal phantom, the slice was taken at the plane of z = 32 cm from the top with 1 cm thickness. The volume of 10 cm on each side of the central plane was sampled for emission activity. Then, 180 projections were acquired. Each projection had 180 radial bins with bin size equal to 3.2 mm. The air scan was simulated using a cylindrical phantom filled with radioactive gas instead of using a rotating transmission source. 2.0 × 10 10 particles were traced for the air scan, while 1.0 × 10 9 particles were simulated for each phantom study. The count rate loss due to the dead time effect was assumed to be perfectly corrected in the sinogram before we proceeded with the scatter correction scheme. The attenuation correction was executed after scatter correction using a prior knowledge of the geometry and equivalent attenuation coefficients. The resultant image was reconstructed with a spatial sampling of 128 × 128 (pixel size 3.2 × 3. by applying the maximum likelihood expectation maximization (ML-EM) algorithm. After 100 iterations, the primary image was smoothed by a 5 × 5 median filter (1.6 × 1.6 cm 2 ) to decrease the noise level.
Comparison with the dual-energy window method.
Since the BS-SF method comprised the use of the dual-energy window acquisition, the scatter correction using the dual-energy window (DEW) method was compared. In the DEW method (Grootoonk et al 1996) , the scatter ratio (R S ) and primary ratio (R P ) were obtained by simulating a 19 cm radius cylinder with a line source inserted. The photopeak window was set to 380-850 keV, while the Compton window was set to 200-380 keV. The simulated decay number was 1.0 × 10 9 , representing the same number as for the BS-SF method. Therefore, the noise level will be comparable.
Quality indices.
Four quality indices were used to evaluate the performance of scatter correction. The contrast (CS) is defined as
where N hot is the mean activity of the hot region (compartment D in the Utah phantom) and N cold is the mean activity of the cold region (compartment C). The contrast recovery shows the efficiency of scatter removal. The mean squared error (MSE) is the mean of the squared activity differences between the digital phantom and the reconstructed image. The coefficient of variation (CV) is the ratio of the standard deviation to the mean activity in the background. These two indices demonstrate the accuracy and the noise level of the image. The contrast-to-noise ratio (CNR) is the ratio of CS to CV as a normalized quality index. Figure 4 illustrates the sinograms of the air scan with and without the beam stopper device and the inverse of the transmission fraction. The transmission fraction of the radial bins which had no intersection between the LORs and stoppers was not unity due to the statistical 
Results
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Phantom Original BS-SF DEW Figure 5 . The average activity of the uniform phantom before and after applying scatter corrections. 1 cm radius ROIs were sampled from the edge to the centre of the images to calculate the mean and standard deviation of each data point. fluctuation of detected photons. Therefore, the threshold of the transmission fraction was set to 0.7 to avoid mistakenly locating the projected position of the stoppers.
Uniform phantom study
The average activity from the edge to the centre of the reconstructed uniform phantom is shown in figure 5 . The results indicated that the BS-SF method restored the activity to its ideal value and maintained the uniformity within ±5%. The DEW method underestimated the activity near the edge of the phantom. Table 1 compares the MSE, CV and total counts of the uniform phantom using the BS-SF and DEW methods. The BS-SF method improved the MSE and CV by approximately 35% and 40%, respectively, compared to the DEW method. Furthermore, the total counts representing the sum of the detected coincidences had a good agreement (within 2%) between the phantom and the image result by the BS-SF method. The DEW method significantly underestimated the total counts by about 25% due to a constant scatter ratio used throughout the phantom, which could lead to substantial quantitative errors. 
Utah phantom study
Figure 6(a) illustrates the projection data of the Utah phantom and the scatter distributions estimated by the BS-SF and DEW methods at θ = 156
• . Even though the DEW method correctly calculated the amplitude near the centre, it markedly overestimated scatter near the edge compared to the true scatter distribution. The scatter fraction distribution obtained by the BS-SF method with twelve 3 mm radius stoppers is plotted in figure 6(b) . The spikes under the curve represent the scatter fractions directly estimated at the sampling points. The interpolated curve matched well with the true scatter fraction distribution, confirming the accuracy of the BS-SF method. Figure 7 shows the reconstructed images of the Utah phantom with and without scatter correction. The BS-SF method restored the background uniformity and demonstrated better contrast recovery at the compartments C and D. Although eliminating scatter contributions near the centre, the DEW method had the worst performance for the entire region of compartment B. This adverse outcome became prominent in the horizontal profiles through the centre of the images, as shown in figure 8. The activity in different compartments was recovered precisely by the BS-SF method. Again, compartments B and D were substantially suppressed by the DEW method. Table 2 compares four quality indices obtained by various radius/number combinations of the BS-SF method. All combinations outperformed the DEW method in the MSE, CV and CNR. Among various configurations, the beam stopper device consisting of twelve 3 mm radius stoppers yielded a reasonable trade-off regarding all the quality parameters that were investigated. While having extremely high contrast, the DEW method induced a high noise level as well, which decreased the CNR. The stopper number slightly affected the performance owing to a slowly varying function of the scatter distribution. We anticipate that a more complicated object requires more stoppers to achieve high enough sampling frequency. Furthermore, increasing the stopper thickness would deteriorate the CS and MSE, because a larger fraction of scattered events is attenuated. This will result in a decrease of the scatter faction estimated at the stopper, and an overestimation of the entire primary sinogram.
Anthropomorphic phantom study
The reconstructed thorax images of the Zubal phantom before and after applying the BS-SF method with sixteen 3 mm radius stoppers are illustrated in figure 9 . The correction diminished the residual activity in both lungs and significantly raised the contrast between the blood pool and the myocardium. Figure 10 shows the profiles through the centre of the images. The BS-SF method accurately recovered the activity in different tissues and restored the average activity ratio of the soft tissue/lung from 1.75 to 5.22 (an ideal value of 5.0) and the ratio of the blood pool/lung from 3.25 to 9.70 (an ideal value of 10.0). The DEW method restored these two activity ratios to 3.23 and 5.62, respectively. Table 3 lists four indices taken by various radius/number combinations of the BS-SF method. Three ROIs were set to calculate these indices: a hot region in the blood pool, a cold region in the left lung and a background region in the right lung. Unlike the Utah phantom study, the number of stoppers became a critical parameter. At least 12 stoppers were required to interpolate the accurate scatter fraction distribution. Again, increasing the stopper thickness deteriorated the CS and MSE because of the attenuation of scattered events. We suggest that the beam stopper device with sixteen 3 mm radius stoppers should be the best choice for the anthropomorphic phantom.
Discussion
The stopper thickness significantly affects the performance of scatter correction. If we increase the stopper radius, more scattered coincidences as well as true coincidences will be attenuated, leading to unsatisfactory scatter correction. The number of stoppers is also another important design parameter that affects the correction efficiency. Increasing the number of stoppers implies higher interpolation accuracy. However, it is also accompanied by an increase in interference with scattered events. Therefore, the stopper radius/number combination should be optimized for different scanning regions.
Stoppers have unavoidable impact on scattered events, which currently cannot be taken into account by the BS-SF method. In the Utah phantom simulation, twelve 3 mm radius stoppers blocked approximately 6% of the scattered coincidences. For the real implementation, we could use thinner stoppers to have the transmission fraction just distinguishable from the Poisson error. Assuming that the attenuation fraction of scatter is proportional to the stopper diameter, 12 stoppers with radii of 1 mm will only cause a difference of 2% in scatter attenuation. Therefore, the issue of scatter attenuation will be manageable in practice. On the other hand, stoppers will induce additional Compton scattering of 511 keV γ -rays. For example, assume that 12 beam stoppers (radii r = 0.3 cm, density ρ = 11.36 g cm −3 , incoherent scatter coefficient (µ/ρ) inc = 0.068 cm 2 g −1 for lead at 511 keV) are used for the cylindrical phantom study (r = 20 cm, ρ = 1.0 g cm −3 and (µ/ρ) inc = 0.062 cm 2 g −1 for water at 511 keV). The amount of scatter is proportional to the scattering volume and the scattering coefficient of the medium. A rough estimate of the scatter ratio induced from the stoppers and the phantom is (12 × 0.3 × 0.3 × 0.068 × 11.36)/(20 × 20 × 0.062 × 1) = 3.36%. Through the Monte Carlo simulation, the ratio is 1.94%. Therefore, the impact of inserting stoppers on the performance of scatter correction is negligible.
The count in the low-energy window is a critical source of uncertainty in terms of the error propagation. It is possible to incorporate the data acquired in the low-energy window of the C B scan as an alternative to reduce the statistical fluctuation of the DWR. However, how the beam stopper device influences the multiple scatter in the low-energy window and how many true coincidences are eliminated in this window require further investigation. In addition, since the scatter distribution is a slowly varying function, using linear or polynomial interpolation between two estimated scatter components may be another feasible alternate to describe the whole scatter distribution. Studies must be replicated for various scanning regions to ascertain the optimal beam stopper configuration.
The distribution of random coincidences in the sinogram tends to be a fairly slowly changing function (Meikle et al 2003) , which is similar to the scatter distribution. Therefore, we believe that random events can be considered together with scattered events. In fact, Karp et al (1990) used the tail fitting technique to correct them together. The intention of inserting stoppers is to block one of the two annihilation photons from being simultaneously detected as a true coincidence. The other unblocked γ -ray will generate additional randoms. Since the current version of SimSET does not simulate randoms, singles rates are used to evaluate the additional random coincidences (Badawi et al 2000) . The air scan with stoppers (C B0 ) is almost unaffected by randoms due to the use of a transmission source. In the object scan with stoppers (C B ), the randoms rate is increased by the relation R = 2τ c × S 1 × S 2 , where τ c is the coincidence time window width and S 1 and S 2 are the singles rates. For the beam stopper device with twelve 3 mm radius stoppers, the ratio of the increased random coincidences to the total number of scattered coincidences is less than 1%, assuming that all additional singles become randoms and the coincidence time window is 20 ns. Therefore, the induced number of random coincidences could be neglected.
Pulse timing properties of the counting system affect the accuracy of the estimated scatter fraction. The dead time loss is considered an important issue since the count rates differ between the four scans. In the air scan, a low activity transmission source could be used to minimize the dead time effect. In the object scan, the counts of the blocked LORs have limited impact because the true interaction rate of detectors is relatively low in contrast to the counts of the unblocked LORs. Therefore, if the dead time correction is incomplete, the latter will be underestimated, leading to an overestimation of the scatter fraction distribution.
Therefore, a robust dead time correction based on each sinogram bin should be applied before the scatter correction to ensure the consistency of instrument response.
After considering the bore size and the convenience of positioning the beam stopper device in practice, the device could be assembled as a half elliptical cylinder to allow for the easy and comfortable placement and removal from above the patient between two consecutive sub-scans. Even though the half elliptical cylinder might be another potential alternative design, additional caution should be taken for non-uniform sampling in the sinogram. How the sampling non-uniformity will affect the interpolation accuracy of the scatter fraction distribution requires further investigations.
Conclusions
In this research, we proposed a potential scatter correction method based on the application of the beam stopper technique and the dual-energy window acquisition. By directly estimating the scatter fraction at the LOR corresponding to the stopper, various kinds of scattered events including the most challenging multiple scatter and scatter from outside the FOV can be effectively compensated. The results from the simulated phantoms demonstrated that the estimated scatter fraction distribution matched well with the true one obtained by the Monte Carlo approach as well as the activity concentration in different compartments being accurately restored. Furthermore, no cumbersome iterative process and preliminary 2D estimates of the emitter and attenuator distributions are needed, which could reduce the computation cost and the implementation complexity of the BS-SF method. We conclude that the BS-SF method appears to be a feasible way to correct scattered events in clinical practice.
